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Recent progress in the gauge-mediated supersymmetry breaking is reviewed, with emphasis on the theoretical
problems which gauge-mediated models so successfully solve, as well as those problems which are endemic to
the models themselves and still beguile theorists today. (Talk given at the 5th International Conference on
Supersymmetries in Physics (SUSY-97), Philadelphia, PA, May 27-31, 1997.)
For all the theoretical successes of supersym-
metry (SUSY), its one overriding problem is, and
has been, that there is no direct experimental ev-
idence for it. But rather than throw SUSY out,
we can try to retain some of its desirable prop-
erties (e.g., solution to the hierarchy/naturalness
problems, unification of the gauge couplings) by
building theories with spontaneously broken (or
“softly-broken”) N = 1 SUSY.
The central problem of SUSY would then ap-
pear to be “How is SUSY broken?” For many
years this was the prime focus of research into
SUSY. Two realizations have pushed that ques-
tion somewhat to the sidelines. First new exact
results in SUSY have led to large numbers of new
models in which SUSY is spontaneously broken.
In the past three years alone, the number of such
models has increased exponentially [1]. Now it
appears that spontaneous SUSY-breaking is not
a peculiar behavior exhibited by only a few spe-
cial models, but is in fact rather generic.
Second, it was realized many years ago [2] that
if the mechanism for SUSY-breaking coupled too
closely to the Standard Model (SM) spectrum,
that spectrum would have to exhibit certain sum
rules, namely STrM2 = 0, which holds for sets
of states with identical conserved quantum num-
bers. This relation implies that one of the u-
type squarks must be lighter than the u-quark,
in clear contradiction to experiment. However
there is a way out of this phenomenological dis-
aster, for this equation holds only at tree level,
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and only for renormalizable theories. The pos-
sibility then exists to break SUSY dynamically,
but in some sector which only couples to the SM
sector via loops or via non-renormalizable opera-
tors. We then refer to the SUSY-breaking sector
as “hidden,” the SM sector as “visible,” and the
intermediate states, which appear in loops or are
integrated out to produce the non-renormalizable
interactions, as “messengers” or “mediators.”
The banishment of SUSY-breaking to some
mysterious “hidden sector” has an immediate
phenomenological consequence. It is no longer
the mechanism of spontaneous SUSY-breaking it-
self that prescribes the form which soft SUSY-
breaking will take in the visible sector, but rather
it is the mechanism for mediating SUSY-breaking
that ultimately determines how SUSY will man-
ifest itself in our colliders. The central problem
of SUSY has changed. It is now “How does the
Standard Model find out about SUSY-breaking?”
1. Communicating SUSY-breaking
There have evolved several approaches to deal-
ing with the question of how SUSY-breaking is
communicated to the SM. The first [3] is simply
to admit ignorance and to parametrize that igno-
rance with the most general effective Lagrangian
consistent with the symmetries of the SM and
with softly-broken N = 1 SUSY. A special case
of this most general Lagrangian is the one which
is minimal, that is the one which requires the least
extension of the SM in order to accomodate the
broken SUSY. This is the Minimal Supersymmet-
ric Standard Model (MSSM). I call this approach
2“Don’t ask, don’t tell.” The “don’t ask” part
is obvious, for we simply don’t worry about the
exact nature of how SUSY-breaking is mediated.
The “don’t tell” is the unfortunate part, for even
in the MSSM (emphasis on “minimal”) there are
106 unknown parameters [4]: 26 masses, 37 an-
gles and 43 phases. With so many unknowns, ex-
tracting unequivocable experimental predictions
for SUSY has proven to be a risky undertaking [5].
But already in this very general framework, we
can begin to see that some organizing principle
must be in place. With arbitrary, random pa-
rameters the MSSM has serious problems with
flavor (and also CP) violation. Put simply, once
SUSY is broken, sparticles and particles need not
be diagonal in the same eigenbasis. That is, the
rotations which take the fermions from their in-
teraction to their mass eigenstates need not do
the same for their superpartners. If we denote
these unitary rotation matrices as U and U˜ for the
fermions and scalars respectively, then the inter-
ation of a gaugino with a fermion and its scalar
partner picks up a factor U †U˜ 6= 1, leading to
flavor-changing neutral currents (FCNCs).
These FCNCs show up in a variety of processes,
though always at loop order: K0 − K0 mixing,
µ → eγ, etc. Consider the first of these [6]. Re-
quiring that the SUSY contributions to ∆mK be
smaller then the its experimental value yields the
well-known contraint:
Re
A2m˜2
(
δm2
Q˜
m˜2
)2 <∼ 5× 10−9GeV−2 (1)
where m˜ is some average squark mass, δm2
Q˜
is the
d˜L − s˜L mass difference, and A is a function of
the angles which rotate U → U˜ . For generic U
and U˜ the average value for A2 ≃ 1/20.
The constraints on CP violation in the kaon
system are even stronger. Demanding that the
SUSY contributions to ǫK not exceed its experi-
mental value yields:
δ
∣∣∣∣∣A2m˜2
(
δm2
Q˜
m˜2
)(
δm2
d˜
m˜2
)∣∣∣∣∣ <∼ 10−13 GeV−2 (2)
where δ is the appropriate squark phase. Using
Eq. (2) with δ ∼ O(1), A2 ≃ 1/20 and m˜ =
500GeV, one finds that m
s˜
−m
d˜
<∼ 200MeV. Or
for δm˜2/m˜2 ∼ O(1), we must have m˜ >∼ 700TeV!
Thus FCNC and CP constraints demand either
strong mass degeneracies among the scalars, or
scalars so heavy that they decouple from the rel-
evant processes altogether.
(There are at this time several competing pro-
posals for solving this flavor/CP problems, in-
cluding enforced mass degeneracies, decoupling of
sparticles, and “alignment” in which U = U˜ and
so A = 0. I will only be discussing the first of
these three possibilities in this talk.)
Within a most general Lagrangian, one has no
way to approach the FCNC/CP problems; one
has to consider specific mechanisms by which
SUSY-breaking may be communicated from the
hidden to the visible sector. The canonical
method is supergravity. Local SUSY, a.k.a. su-
pergravity, mixes the hidden and visible sec-
tors through gravitational interactions (the mix-
ing goes to zero as MPl → ∞). The mix-
ing terms, being non-renormalizable, suppress the
scale of SUSY-breaking in the visible sector from
that in the hidden sector. For example, for an
O’Raifeartaigh-type breaking in the hidden sector
at some scale
√
F , the apparent scale of SUSY-
breaking in the visible sector will be F/MPl ≪√
F .
The story of supergravity (SUGRA) is well-
known. Mass universalities seem to naturally
fall out without inputting them, solving both the
FCNC and CP problems 2. One is left with only 5
free parameters at the SUGRA scale: a common
scalar mass m0, gaugino mass M1/2, A-term A0,
B-term B0, and of course µ.
The truism that usually accompanies these uni-
versalities is that “gravity is flavor-blind.” I
agree. Gravity has no reason to arrange its inter-
actions so that they are diagonal in the same basis
in which the Higgs couples to the fermions — and
for that very reason it is clear that any basis cho-
sen by gravity will differ from the Higgs interac-
tion basis, leading to mass non-universalities and
FCNCs. Even if gravity chooses no preferred ba-
2Mass universalities solve the SUSY CP problem in the
kaon system; however, they do not solve another SUSY CP
problem which strikes in various electric dipole moments.
This second CP problem will be discussed in Section 4.
3sis at tree level, non-renormalizable terms in the
Ka¨hler potential, corrections coming from string
interactions, renormalization group flow, and any
of a dozen other possible effects will choose a
preferred basis for the communication of SUSY-
breaking, leading to disaster. In particular, if
there is any source of flavor physics (e.g., any
interactions which differentiate between d- and s-
quarks) between the Planck scale and the weak
scale, the mass universalities will be destroyed.
It would seem preferable for the mass degen-
eracies among the squarks and sleptons, rather
than be accidents, to be guaranteed by the na-
ture of the mediation mechanism. In particular,
one would like the communication mechanism to
respect global symmetries under which the vari-
ous u-type quarks are identical, likewise for the
various d-type quarks and the various leptons.
We don’t have to go far to find such symme-
tries, for they are the gauge symmetries of the
SM. If the scalar soft masses were functions only
of the gauge charges of the individual sparticles,
universality would be automatic. And if the scale
at which the communication of SUSY-breaking
takes place is well below the Planck scale, then
those Planckian “corrections” which upset uni-
versality in SUGRA cannot disrupt it here.
2. Gauge Mediation
The defining principle of gauge mediation, and
the reason it solves the flavor problem, is that the
SUSY partners of SM fermions receive the domi-
nant part of their masses via gauge interactions.
The canonical model for gauge mediation was
developed in the early 1980’s [7]. Suppose there
exist some set of states (superfields) ψˆ with SM
couplings but which are not part of the MSSM
spectrum. Since the fermionic components of the
ψˆ superfields must be heavy and not contribute to
the SM anomalies, take them to be vectorlike with
respect to the SM gauge interaction (i.e., ψˆψˆ is
an SM singlet). In the part of the superpotential
responsible for mediation, couple the ψˆ fields to
a new singlet superfield Xˆ :
WM = λXˆψˆψˆ + · · · (3)
where Xˆ receives both A and F vevs. (Alter-
natively, the A vev of Xˆ can be replaced with an
explicit mass.) The source of the F vev in the hid-
den sector is essentially irrelevant for most of the
phenomenology and we take it as simply given;
the exception is in the couplings of the gravitino
to be discussed in Section 7.
WM of Eq. (3) induces masses for the fermionic
components of ψˆ (which I denote ψ˜) setting the
overall scale for the messenger sector:
M ≡ m
ψ˜
= λX (4)
while the scalar mass matrix has the form:
m2
ψ,ψ
=
(
λ2X2 λFX
λFX λ
2X2
)
. (5)
The eigenvalues of Eq. (5) are:
m2
ψ,ψ
=M2 ± λFX =M2(1± x) (6)
where x ≡ λFX/M2; x < 1 in order to have pos-
itive squared masses. We define one more scale:
Λ ≡ λFX
M
(7)
which, as we will see, controls the weak scale.
Because the ψˆ fields are charged under the SM
gauge groups, the gauginos of the MSSM can re-
ceive masses through loops of these new fields. In
particular, the mass matrix of Eq. (5) contributes
to the gaugino masses at 1-loop. Gaugino λi of
SM group Gi receives a mass:
Mλi(M) =
αi
4π
g(x)Ti(ψ)Λ (8)
where Ti(ψ) is the Dynkin index of the represen-
tation of ψ under Gi and g(x) = 1+x
2/6+O(x4).
The scalars of the MSSM do not receive soft
masses until 2-loop order. For scalar φ:
m2φ(M) = 2f(x)Λ
2
∑
i
(αi
4π
)2
Ci(φ)Ti(ψ) (9)
where Ci(φ) is the quadratic Casimir of the rep-
resentation of φ under Gi and f(x) = 1+x
2/36+
O(x4). Recall that there are also D-term contri-
butions to scalar masses not included here. [An
aside on conventions: I am using an SU(5) nor-
malization for α1 =
5
3
αY and so T1(ϕ) = C1(ϕ) =
3
5
Y 2 for any field ϕ. For non-abelianGi = SU(n),
4Ti(ϕ) =
1
2
and Ci(ϕ) =
n2−1
2n for ϕ in the funda-
mental representation.] For the oft-cited case in
which (ψ, ψ) are N pairs of (5,5) of SU(5) and
x≪ 1, we notice that gaugino masses scale as N ,
while scalar masses scale as
√
N .
Finally, the trilinear soft terms (A-terms) arise
at 2-loops. Since they have mass dimension-1,
they are small compared to the rest of the soft
masses and thus one can take A(M) ≃ 0. The
case of the bilinear, dimension-2 Bµ term will be
discussed later.
One success of this particular mechanism for
gauge mediation is that while gaugino masses
arise at 1-loop, scalar mass-squareds arise at 2-
loops. Thus gaugino and scalar masses are the
same order in α. This is a noteworthy, be-
cause the simplest models of gauge mediation
(those without the messenger fields) typically give
masses to scalars at lower order than to gauginos,
producing models with ultra-light gluinos.
One should make note of the scales that play
a role in gauge mediation. Because LEP con-
strains the selectron mass m
e˜
> 45GeV, then
Λ > 30TeV. If by some fine-tuning argument
we demand for gluinos that M3 <∼ 1TeV, then
Λ <∼ 120TeV. (These assume one pair of 5 + 5
messenger fields.) If all couplings in the problem
are O(1) then all mass scales will be O(Λ), far be-
low the Planck scale. Thus there will be no prob-
lems induced by supergravity corrections. (In
more general models, the scales can differ greatly
from one another. Then the requirement that su-
pergravity corrections be small translates into the
bounds FX ≪ mZMPl and M <∼ 1015GeV.)
3. Dine-Nelson Models
In the last few years, attention has been drawn
back to gauge mediation as a viable alternative to
supergravity mediation. Much of that renewed
interest has been sparked by a series of models
proposed by Dine, Nelson, and collaborators [8].
Because these models demonstrate both the suc-
cesses and failings typical of models of gauge me-
diation, I will highlight their structure briefly.
Dine-Nelson models are divided into a tower of
sectors, beginning with the hidden sector in which
SUSY is broken spontaneously by some strong
gauge dynamics. One often locates some non-
anomalous global symmetry of the hidden sec-
tor which can be weakly gauged. That “mes-
senger group,” typically a U(1), then communi-
cates SUSY-breaking to a set of fields, ϕ±, which
are SM singlets, giving them negative squared
masses. The ϕ± then couple to the messenger
singlet X through terms in the superpotential:
WM = kXˆϕˆ
+ϕˆ− + λXˆψˆψˆ + k′Xˆ3. (10)
Setting λ = 0 for now, the potential V (ϕ±, X)
is minimized when 〈ϕ+ϕ−〉, 〈X〉 and 〈FX〉 are
all non-zero. Keeping that solution once λ is
turned back on, the mass matrix of Eq. (5) is
reproduced and SUSY-breaking is communicated
to the MSSM through gauge interactions.
What are the successes of the gauge media-
tion approach? First, FCNCs are absent because
of the scalar mass degeneracy. Second, scalar
and gaugino masses are roughly the same size.
Third, electroweak symmetry breaking occurs ra-
diatively just as it does in supergravity models.
And last, the models are highly predictive, with
the entire spectrum of soft masses determined (to
a good approximation) from just one input: Λ.
4. Open Theoretical Issues
Despite their successes, the specific models of
gauge mediation in the last section are open to a
number of possible criticisms.
The global minimum of the scalar potential breaks
color and not SUSY. The minimization per-
formed in the last Section of the messenger po-
tential V (ϕ±, X) was not really correct for λ 6= 0.
With non-zero λ, the minimum of the potential
V (ϕ±, X, ψ, ψ) occurs at
〈
ψψ
〉
= − kλ 〈ϕ+ϕ−〉
and 〈FX〉 = 〈X〉 = 0. That is, ψ does not
find out about SUSY-breaking, but instead gets
a non-zero vev, breaking SU(3)×U(1). The min-
imum in which SUSY is broken is only local, not
global [9].
There have been a number of suggestions for
circumventing this problem. There are “cosmo-
logical” solutions to the problem, i.e., perhaps the
present universe exists in a long-lived, metastable
vacuum in which QCD and QED are preserved
5but SUSY is broken. There are also particle
physics solutions. For example, we could add ex-
plicit masses for the ψ messenger fields to push
their vevs to the origin [10]. Such masses may
seem ad hoc but as long as they don’t have to sit
at any one special scale, they are not unnatural.
(In fact, they can sit comfortably at any scale be-
tween 100TeV and 1015GeV.) If the messenger
group is a U(1), it is also possible to add extra
matter which is chiral with respect to it [9]. Such
extra matter can push the position of the min-
imum back to where we want it. However such
matter can induce Fayet-Iliopoulos terms in the
hidden sector, in which case it is known that there
is no way to protect the messenger U(1) frommix-
ing with hypercharge and destabilizing the visible
sector [11] (see below).
Messenger U(1) interactions can be dangerous.
For U(1) gauge groups, the field strength Fµν
is gauge-invariant. Thus for theories with two
(or more) U(1) groups, the gauge kinetic pieces
of the Lagrangian can mix: L ∼ FaµνFµνb for
U(1)a × U(1)b. Because such terms are renor-
malizable, they can be induced by Planck-scale
physics. Unless there is a symmetry to prevent
such terms, one should in fact expect them to be
present. And in SUSY, if the gauge kinetic pieces
mix, then the D-terms must also.
Identify hypercharge as one of the U(1) factors
and assume the other is in the hidden sector, as in
the model of Section 3. If (1) kinetic mixing oc-
curs between the two U(1)’s, and (2) the D-vevs
of the hidden sector U(1) are of order the scale of
SUSY-breaking in that sector, then the large hid-
den sector D-term will be communicated to the
scalars of the MSSM, pulling their masses up to
the scale of hidden sector SUSY-breaking [11].
There are two ways to get around this problem.
The first is to find a charge-conjugation symme-
try which acts on only one of the U(1)’s, namely
C : Aµa → −Aµa while C : Aµb → Aµb . Such a sym-
metry will forbid kinetic mixing, particularly if it
is a gauged discrete symmetry. The second possi-
bility is to work only with non-abelian messenger
groups for which kinetic mixing cannot occur.
The µ-problem is worse than usual. The µ-
problem of the MSSM is familiar. If W =
µHUHD is a SUSY- and GSM -invariant mass
term, why is µ ∼ mZ instead of µ ∼ MPl? We
know that µ ∼ mZ because it contributes to the
Higgs potential and thus to the Z0 mass:
µ2 =
m2HD −m2HU tan2 β
tan2 β − 1 −
1
2
m2Z (11)
where all the masses on the RHS are O(mZ).
Within the context of supergravity, the most
promising solution is the Giudice-Masiero mech-
anism [12] in which the hidden and visible sec-
tors mix through a non-minimal Ka¨hler potential,
K = K0 +
1
MP l
X†HUHD + h.c., where K0 is the
canonical piece and X is some hidden sector field
with FX ∼ mZMPl. Then:∫
d4θ
Xˆ†
MPl
HˆUHˆD =
∫
d2θ
FX
MPl
HˆU HˆD, (12)
which contributes to the superpotential with co-
efficient FX/MPl ∼ mZ and is the usual µ-term.
In gauge-mediated models this mechanism cannot
work for the same reason that other supergravity
contributions are small: FX/MPl ≪ mZ .
Gauge-mediated models also have a second, re-
lated problem which does not show up in su-
pergravity. The dimension-2, bilinear soft term
BµHUHD does not arise until 3-loops or beyond.
It is therefore, like the A-term, essentially zero.
This is not phenomenologically feasible since the
pseudoscalar Higgs of the MSSM gets a mass
m2A = 2Bµ/ sin 2β. As Bµ → 0, mA → 0 and
A0 becomes an axion.
The oldest solution to the µ-problem is to ex-
tend the MSSM to the NMSSN, which is the
MSSM plus a singlet with superpotential
W = λH SˆHˆU HˆD + κSˆ
3 (13)
Then 〈S〉 provides the µ-term. An obvious candi-
date for that singlet is the field X which appears
in WM [8,13]. Here 〈X〉 would provide a µ-term
and 〈FX〉 would provide a Bµ term, seemingly as
desired. But since 〈X〉 ≫ mZ , a solution to the
µ-problem clearly requires λH ≪ 1. Then
µ = λHX (14)
Bµ = λHX
2 ≫ λ2HX2 (15)
6Thus Bµ ≫ µ2. If we choose µ ∼ mZ then Bµ is
huge, causing the Higgs potential to become un-
bounded from below. If we choose Bµ ∼ mZ then
µ is tiny, leading to light charginos that would
have been found at LEP.
One could try to avoid the problems intrinsic to
X by introducing a new singlet S just to solve the
µ-problem [8,13]. Unfortunately, being a gauge
singlet, S does not receive a very large soft mass
and so its physical component is very light. An-
other way to see this is to notice that the super-
potential of Eq. (13) has an R-symmetry which
is only broken at 2-loops by small A-terms. Thus
the light field is really an R-axion.
Finally, it has been suggested that non-
renormalizable interactions in the superpotential
could conspire to produce µ ∼ mZ [8]. Such mod-
els again yield Bµ ≪ m2Z .
There is still a CP/electric dipole problem. De-
spite the fact that the CP problem in the kaon
system has been resolved by the mass degenera-
cies, there is another CP problem which persists.
by degeneracies. In the simplest models of gauge
mediation, there remain 4 non-zero CP-violating
phases beyond those of the SM: arg(µ), arg(A),
arg(Bµ) and arg(M3). Of these only two combi-
nations are physical [14]:
ΦA = arg(A
∗M3) and ΦB = arg(B
∗
µµM3). (16)
These phases contribute to electric dipole mo-
ments of quarks and leptons, and in turn, nuclei.
One finds for the neutron electric dipole moment:
dN ≃ 2
(
100GeV
m˜
)2
sinΦA,B × 10−23 e cm (17)
for some generic squark mass m˜. Experimentally
dN < 1.1×10−25 e cm. Thus O(1) phases are only
allowed if m˜ >∼ 1TeV. Any solution which doesn’t
include very heavy squarks must compensate by
finding some way to enforce small phases.
5. The Minimal Messenger Model
Recall now the earlier discussion of the µ-
and Bµ problems. It should be clear that in
gauge-mediated models, the solutions to these
two problems are intimately connected. And un-
fortunately we usually can solve one only at the
expense of the other. Now we will show that
certain types of gauge-mediated models actually
solve both problems simultaneously, while at the
same time resolving the CP/electric dipole prob-
lem and being highly predictive.
Start from a gauge-mediated model in which
the µ-problem has been solved at the expense of
small Bµ ≪ µ2. As was said before, finite (thresh-
old) contributions to Bµ only come in at 3-loops
and thus are very small. However the divergent
contributions receive log enhancement. In super-
gravity, such an enhancement is huge; here it is
relatively small, but enough to lift the axion to
experimentally allowed masses [15].
There are two symmetries of the MSSM which
try to enforce Bµ = 0: a Peccei-Quinn symmetry,
broken by non-zero µ, and an R-symmetry, bro-
ken by gaugino masses. Thus we expect contri-
butions to Bµ proportional to µMλi . This in fact
happens through the 1-loop RGE’s for Bµ which
have an approximate solution (forM = 100TeV):
Bµ(mZ) ≃ µM2(M)
[−0.12 + 0.17y2t ] (18)
∼ α2µM2. (19)
For µ ∼ M2 ∼ mZ we can write tanβ ∼
m2Z/Bµ ∼ α−12 ≃ 30. The “axion” mass is
mA ≃ 400GeV. (More precise calculations in-
cluding the full effective potential and threshold
effects yields [16] tanβ ≃ 50.) This highly pre-
dictive version of gauge-mediation, in which Bµ is
set to zero at the messenger scale and is therefore
no longer a free parameter, has been called the
Minimal Messenger Model (MMM) [15,16].
Such large values for tanβ will strike those
familiar with supergravity as unnatural, follow-
ing the arguments of Ref. [17]. However those
arguments work only for models with one mass
scale. Such is not the case here, where the mass
scales of interest are related but very different:
Bµ ∼ α2µM2. The hierarchy in the vevs is then
simply a reflection in the hierarchy of the mass
scales.
The MMM has one other great advantage. Be-
cause Bµ(M) = A(M) = 0, then too ΦA(M) =
ΦB(M) = 0. While the first relation is modified
by RGE’s when running down to the weak scale,
7the second is not. This is because:
dB∗µ
d logQ
∝M∗i and
dA∗
d logQ
∝M∗i (20)
which renders ΦA,B = 0 a stable fixed-point.
Thus the CP/electric dipole problem has been
solved by finding a natural way in which to sup-
press the new SUSY phases without having to
enforce very heavy sparticle spectra.
6. Direct Transmission Models
In trying to overcome some of the difficulties of
the Dine-Nelson models highlighted in Section 3,
some natural questions arise, such as “Can we
live without a messenger interaction?” and “Can
ψ live in the SUSY-breaking sector itself?” The
answer to both questions is “yes” provided the
SUSY-breaking sector possesses an anomaly-free
global symmetry large enough to embed the en-
tire SM gauge structure and which is not broken
concurrent to SUSY breaking. Such models are
called “direct transmission” models.
Finding such large global symmetries in the
hidden sector seems to be quite a difficulty, for
it generally requires very large dynamical SUSY-
breaking groups such as SU(15) or SU(7) ×
SU(6). The large size of the dynamical groups
feeds back into the visible sector because we want
the ψ to transform under the fundamental repre-
sentation of the dynamical groups. Thus a model
whose dynamical group is SU(n) containing a
global SU(5) will have n copies of 5 + 5. If√
F ∼M ∼ 50TeV, then perturbativity up to the
Planck scale requires n < 4, which is too small.
The solution to this conundrum is obvious:
move the messenger mass scale far abovet the
weak scale, and consequently, far above the
SUSY-breaking scale
√
F . The means to get this
is less obvious [18]. In most Dine-Nelson type
models, the scalar potential of the messenger sec-
tor has no flat directions, and so on minimiza-
tion one finds FX ∼ X2 for any field X par-
ticipating in SUSY breaking. However, along a
flat direction the potential doesn’t turn up until
very large values of X so that at the minimum
FX ≪ X2. This is precisely the desired behav-
ior. One caveat however: we need to ensure that
the supergravity contributions remain small com-
pared to the gauge-mediated contributions. Thus
we must have:
〈X〉 <∼ 1015GeV (21)
FX
MPl
<∼
√
n
α
4π
FX
X
(22)
for dynamical SU(n) with gauge coupling α.
Direct transmission models have most, if not
all, of the following properties: (i) Gauge cou-
pling unification occurs just as in the MSSM. In
particular, there is no loss of perturbativity be-
fore the unification scale. (ii) There are no gauge
singlets in the model. (iii) The SUSY-breaking,
QCD/QED-preserving minimum is global. (iv)
The squarks are no longer quite so heavy com-
pared to the sleptons. The large amount of run-
ning to go from Q = M to mZ washes out the
largest mass hierarchies among the sparticles. (v)
The gravitino has a mass m3/2 ∼ few GeV. This
may be a serious cosmological problem (see Sec-
tion 8). (vi) The detector signatures will very
closely resemble those of supergravity models. In
particular, the NLSP decay to gravitinos occurs
outside the detector (see Section 7). Finally, (vii)
STrM2 > 0 where the supertrace is only over the
set of ψ + ψ messenger fields.
The impact of that last statement is only appre-
ciated when one considers the 2-loop running of
the MSSM scalar masses. There one finds a cor-
rection to the soft scalar masses of the form [18]:
δm2φ = −
α2i
4π2
Ci(φ)Ti(ψ) STrM
2 log
ΛUV
m
ψ˜
. (23)
In the direct transmission models, the messen-
ger sector contains a number of ψ-fields and
there may be a sizeable hierarchy which devel-
ops among them. Then ΛUV is to be interpreted
at the largest mass in the messenger sector. If
STrM2 > 0 and some m
ψ˜
≪ ΛUV then δm2φ will
push MSSM scalars to negative squared masses.
Such is the case in the models of Refs. [18], but
not that of Ref. [19]. For all three models, the
bulk of the messenger sector sits near 1015GeV
while a few fields sit near 100TeV; in the last case,
however, those light fields are eaten as the flavor
symmetry breaks down from SU(10) to SU
87. Phenomenology and the Gravitino
The role of the gravitino in SUSY models is
well-known. In global SUSY, spontaneous break-
ing produces a massless (spin-1/2) goldstino with
derivate couplings to the SUSY current. This
is expressed in the SUSY generalization of the
Goldberger-Treiman formula [20]:
L ∼ 1
F
(
λ
A
γρσµν∂ρG˜F
A
µν + ψLγ
µγν∂µG˜Dνφ
)
.
Here F is the F -term responsible for the origi-
nal SUSY-breaking in the hidden sector; it can
be thought of as being the largest F -term in the
theory. The decay width of sparticles into their
spartners plus gravitinos can then be calculated.
For example, the width for a bino, B˜, decaying
into a photon and gravitino is given by:
Γ(B˜ → γG˜) = cos
2 θW
8π
m5
B˜
F 2
(24)
which becomes larger as F becomes smaller.
Once SUSY is elevated to a local symmetry
(i.e., supergravity), the goldstino is eaten via the
super-Higgs mechanism by the massless (spin-
3/2) gravitino. The gravitino acquires longitu-
dinal components and a mass: m3/2 ≃ F/MPl.
Since gravity is so weak, it is only the longitudi-
nal components of G˜ that interact. Therefore the
results which were derived for the goldstino hold
equally well for the gravitino.
In supergravity models one rarely worries
about G˜. It is too weak to be produced directly
in experiments, and there is no reason why it
should be lighter than any other SUSY partner
so that others states decay into it. (For my pur-
poses here, I am always assuming that there is
a discrete symmetry, like R-parity, which makes
the lightest SUSY particle (LSP) absolutely sta-
ble.) In gauge-mediated models the gravitino is
light, roughly 1 eV to 1GeV, making it the LSP.
It is still too weak to be directly produced in ex-
periments, but as the LSP, all other SUSY par-
ticles must eventually decay into it. The phe-
nomenology of gauge-mediation, which is other-
wise so much like that of supergravity, has a new
component, the search for decays into gravitinos.
There are two central questions which arise in
studying gravitino phenomenology [21,22]. First,
what is the NLSP (the next-to-lightest SUSY par-
ticle)? Even with light gravitinos, the SUSY
states will dominantly decay via their strong and
electroweak interactions, until the only sparticles
left are the NLSPs. The NLSP, having no other
route for its decay, eventually goes to the grav-
itino plus some other particle(s) whose identity
relies heavily on the type of NLSP present. The
second question is, what is the decay width (or
decay length) of the NLSP into gravitinos? Since
the NLSP decay length scales as F 2, a measure-
ment of that length is a direct measurement of
SUSY-breaking in the hidden sector!
The answer to the first question may be model-
dependent, but is usually one of only a few possi-
bilities. For models with only one pair of messen-
ger fields, and for tanβ small to intermediate, the
NLSP is a neutralino, N1, which is itself usually
bino-like. For larger multiplicities of messenger
fields, the NLSP(S) are the RH sleptons. But as
tanβ increases, the τ˜ becomes the sole NLSP. For
bino NLSP, we can expect decays most often to
G˜+ γ; for slepton NLSP we can expect decays to
the partner lepton, and in particular, τ -leptons.
The answer to the second question dictates
whether or not the NLSP decays inside or
outside the detector, and if inside, whether
the decay length is long enough to be recon-
structed. The various possibilities are given
the following table adapted from Ref. [22]:
NLSP Decay Length Signal
Prompt γγ + /ET
N1 ≃ B˜ 2nd Vertex γγ + /ET
Outside /ET
Prompt ℓℓ+ /ET
ℓ˜ = e˜, µ˜, τ˜ 2nd Vertex ℓℓ+ /ET w/ kinks
Outside Heavy Leptons
Here “prompt” decays are too close to the vertex
to differentiate, “2nd vertex” refers to differ-
entiated second vertices at which the decay to
gravitinos occurred, and “outside” means that
the decay took place outside of the detector.
The signals are self-explanatory apart from the
following note: “kinks” are sudden turns in the
track of a charged particle, in this case occuring
9where the invisible G˜ is being emitted. “Heavy
leptons” means that the track will be charged,
but not jetty, and will reconstruct to have a mass
far above normal lepton masses. Of course, it is
also possible that more than one option in the ta-
ble is realized. Either the decay length could put
it on one of the boundaries in the table, or the
lightest slepton and neutralino could be so close
in mass that they prefer to decay to gravitinos
rather than to one another.
8. Gauge Mediation and Cosmology
In any gauge-mediated model, the gravitino
will be the LSP. It mass, however, is model-
dependent. In the Dine-Nelson models we can
estimate the gravitino mass:
m3/2 ≃
1
MPl
(
16π2
g2M
Λ
)2
≃ 20 keV (25)
where I have assumed the messenger group cou-
pling, gM , in the last equality to be O(1). For
direct transmission models, the mass is larger,
about 1GeV. Finally, though there is no full
model at present that does such, models in which
the NLSP decays to gravitinos inside the detector
will have m3/2 <∼ 1 keV.
Using the standard techniques, the relic abun-
dance of gravitinos present in the universe today
can be calculated. For gravitinos whose abun-
dances are not diluted by some mechanism, one
needs [23] m3/2 < 2h
2 keV in order to avoid over-
closing the universe. (h is the Hubble constant in
units of 100 km/sec/Mpc.) Thus the gravitinos
which would be implied by observing NLSP de-
cay would be cosmologically acceptable and may
even be a useful source of dark matter.
In the mass range 1 keV <∼ m3/2 <∼ 100 keV,
such as in the Dine-Nelson models, an overabun-
dance of gravitinos results from late NLSP de-
cay. To wash out this overabundance one would
like a period of late inflation, with the constraint
that the reheating temperature, TR, is less than
m˜ ∼ mZ in order to avoid producing more of the
NLSP which would again decay to gravitinos [24].
In the mass range 100 keV <∼ m3/2 <∼ 5GeV,
such as one finds in direct transmission mod-
els, the overabundance of gravitinos is produced
through scattering processes: A + B → C + G˜.
Once again a period of late inflation can wash out
the excess gravitino abundances, but only as long
as TR does not get so large as to reproduce the
conditions of the gravitino production. In this
case, that means TR < 10
8m3/2 [24].
Finally for gravitinos with m3/2 >∼ 5GeV, the
decay width Γ(NLSP → G˜) is very narrow. The
NLSP doesn’t decay until after nucleosynthesis,
destroying light nuclei by photofission. It seems
very difficult to avoid the problems associated
with a gravitino in this mass range.
There is one other cosmological concern one
might have in gauge-mediated models which only
arises when coupling the model to string theory.
In string theory, there are fields called string mod-
uli whose vevs parametrize the size of the com-
pactified extra dimensions but whose potentials
are flat before SUSY is broken. After SUSY-
breaking, the moduli get masses m ∼ m3/2.
In the high density, high temperature early
universe the potential for the moduli gets addi-
tional contributions proportional to the Hubble
constant, H , and the temperature, T , since both
break SUSY. But the minimum of the moduli po-
tential at finite H and T need not be the same as
the minimum when H = T = 0. Thus when
H,T fall below m3/2 the moduli begin falling
towards their true minimum. However, since
their couplings to matter are Planck-suppressed,
there is little damping and the moduli begin os-
cillating about their minima with amplitudes of
O(MPl). During the period of their oscillations,
they contribute to the energy density of the uni-
verse through their (∇φ)2 kinetic energy.
If the potential is too shallow and the damping
too small, the moduli are still oscillating today.
That energy density would easily overclose the
universe unless some means was found to inflate
away the moduli. Such an inflation seems diffi-
cult to arrange for the moduli of the Dine-Nelson
models, but may be possible for the heavier direct
transmission moduli [25].
9. Conclusions
The study of gauge-mediated SUSY-breaking
has flowered dramatically over the last year.
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Though much of the early attention on these
models focussed on the single eeγγ + /ET event
at CDF [26], the theoretical interest and justifi-
cation for these models go well beyond any sin-
gle experimental anomaly. Pragmatically, these
models provide an alternative measure for test-
ing experimental sensitivities to SUSY in all its
guises. And they are simple to work with, with
only 3 free parameters: Λ, tanβ and logM . One
particularly attractive version of gauge mediation
(the MMM) has only two, tanβ being an output.
Idealistically, gauge-mediated models provide
an opportunity to do something which is usually
very difficult, and that is to probe the physics of
the hidden sector directly. And by solving the
SUSY flavor problem, they allow interesting fla-
vor physics to occur at scales not far above the
weak scale without inducing large FCNCs.
Progress in this area seems to require effort in
two directions right now: careful study of the
phenomenology of these models at current and
future experiment, with special attention paid to
going beyond the minimal models; and contin-
ued attempts to build realistic models of gauge-
mediation which work around the problems I have
outlined here. If progress continues at the same
rate this coming year as it has this past year, a re-
view talk on gauge-mediation at SUSY-98 would
be both very difficult and very exciting to give.
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